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SUMMARY

AREADURINGTHEl?AIUY

STEELAGAINSTCOPPER

Bailey

Experimentswereconductedtomeasurethecoefficientoffrictionp
andto determinethedsmagetothecontactareadur~ earlystagesof
frettingof copperata frequencyof 5 cyclesperminute.Specimencom-
binationsof copperagainstglass,copperagainstcopper,andcopper
againststeel,aswellasvariouscopperoxidefilmsandpowdercompacts,
wereused.

Theresultsleadtq theconclusionthatfrettingof copperstarts
withthesamemechanicaldamagethatoccursduringunidirectionalsliding.
Frettingof copperagainstglass,comeragdnstcopper,andcopper
againststeelstartswithadhesionandmetaltransfer(galling)with
accompan@nghigh N values(>1.0)thessmeasthoseobtainedduring
unidirectionalsliding.Aftertheinitialhighvaluesof V,a reduc-
tionh p wasobserved,associatedwithreducedplowingan<an
ticreasingconcentrationofdebrisinandaroundthecontactarea.
Aftera~roximately100cyclesoffretting,K reacheda constantvalue
(O.5-O.6) approximatelythesameasthatobtainedwithcompactsof
eithercuprousorcupricoxide.

Thepresenceofpreformedcuprousor
doesnotdelaytheoccurrenceoffretting
coefficientoffriction.

INTRODUCTION

—

cupricoxidef3Jmson copper
butonlylowerstheinitial

Fretting,definedas surfacedsmagethatoccuxs
solidsexperienceslightreciprocatingslip,creates
sub.lectto vibration.Thewear,pitting,ad debris

whencontacting
problemsinmachines
causedby fretting

of somemetalsurfaces,particularlyinaircrsd’t,causeslossoftoler-
ance,increasedfatiguesusceptibility,andseizure.

Thepreventionor tiibitionoffrettingisdependentuponanunder-
standingofthebasicmechanism,whichhasnotbeendefinitelyestablished.

.—— — ———— — ..—
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In recentunpublishedresearchby H.H. Uhlig,itwastheorizedthatfret- ‘
ttigiscausedby thescrapingoffofregenerativeoxidefihusandsome
underlyingbasemetal..Otherinvestigations(refs.1 and2)haveindicated
thatfrettingiscausedby adhesionandcold-weldingor interlocking,
formationofloosemetalparticles,andsubsequentoxidationofthepar-
ticles.Evidently,moredetailedinformationisneeded,particularlyon
thestartoffretttng:inasmuchas anunderstandingofthestartis
hportantinconsideringmeansofprevention.Theinitial.stages(Oto
500cycles}offrettingwerehvestigatedattheIIMXLewislaboratory
by measuringcoefficientoffrictionp andobservbgdsmage.The
resultswerecomparedwithdataobtainedduringunidirectionalsliding
undersimilarconditionsandwithdatafromotherinvestigators.

Frettingwasproducedby reciprocatinga flatspecimenincontact
witha convexspec~n at a frequencyof 5 cyclesperminute,anampli-
tudeof0.006inch,anda loadof175_. A continuousrecordofthe
coefficientoffrictionwasmade. Themeasurementsandobservationswere
13mitedinmostcases*O 300cycles.Copperagainstglass,copperagainst
copper,andcower agahststeel,aswell.asothercombinationsusing
cuprousandcupricoxidefilmsandpowdercompacts,wereemployed.Copper
wastio frettedagatitcopperinthepresenceofhexadecaneto determine
theeffectofreducedoxygenavailability.

Theapparatus(fig.1)wasdesignedtoproducefrettingatlow
frequencysothatfrictionforcecouldbe measuredandcloseobservation
madeofthestartofthefrettingaction.A flatspectienslidbackand
forthincontactwitha convexspecimenundera normalloadofapproxi-
mately175grsms,appliedby settingweightsontheflatspecimen.The
flatspecimenwasheldhorizontsJJybya clanrpattachedto a beryllium-
copperdynamometerring(1.5in.dism,0.5in.wide,and1/64in.thick).

.

Thelinearreciprocattigmotionofthedyrasmometerringandflatspecimen
holderassmblywasachievedbya nuttravelingona screwoscill.atedby
a synchronousreversiblemotor.Thevelocityof0.156inchperminuteof
thenutwasobtainedbyus3nga 10-rpmmotorhavinga screwof64threads
perinch.

Theamplitudeof0.006inchwascontrolledbya pairofadjustable
Lhnitswitches,actuatinga relaywhichreversesthemotor.Thiscom-
binationof amplitude,slidingspeed,andgeneraldynamicsofthe
appsxatusgavea frequencyofabout5 cyclesperminute.Forunidtiec-
tionslslidinexperiments(underconditionsidenticaltothoseofthe

7frettingruns, theamplitudewassetata lergevaluebyproperadjust-
mentofthelimitswitches.

Thefrictionforcewasmeasuredby a straingageattachedtothe
dynamometerring.As thenutpushedandpulled,theringandthestrain
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a gagewerealternatelycompressedandstretched,inproportionto the
slidingresistanceorfrictionforcebetweentheflatandconvexspeci-
mens. A correspondingfluctuatingdirect-currentvoltagewasobtained., acrossthestraingageandthesignalwassmplifiedandrecordedon
paperby a photoelectricpotentianeter.Thea~aratuswascalibrated
by ap@yinglmownforcestothedynamometerringandnotingcorresponding
deflectionsonthepotentiometer.Thusa recordoffrictionforce(hence
coefficientofkineticfriction)wasobtainedasfrettingprogressed.

N Maximumexperhnentalerrorwasestimtedtobe~5percent.
sm Mostoftheexpertientswereconductedinairofrelativehumidity

between5 and10percent.Thisconditionwasachievedbyenclosingthe
wholeapparatusina Lucitebox,andmaintaininga flowof cleandry
airthroughtheboxduringtheentirefrettingrun. Theairwascleaned
snddriedbypassingthroughglasswool,activatedalumina,andcalcium
chloride.

5
Microscopicobservationwasmadeoffrettingactionoccurringbetween

glassandcopper.h thiscasethetopoftheLuciteboxwasmadeof
‘d
&

rubberizedclothhavinga holeforthemicroscopeobjective.

Materials.- Electrolyticcopperwaschosenasthebasicspecimen
materialbecauseof itspurity,homogeneity,andestablishedfriction
values.Theglassspecimenswerecorrosion-resistamtmicroscopeslides.
ThesteelspecimensweremadefromSAE1020stock.Hexadecanewas
purifiedofpolarcompoundsby percolationthroughsilicageland
ftier’sesrthconsecutively.CuprousoxideCU20andcq?ricoxideCuO
wereobtainedcommerciallyas chemicallypuxepowders.

Specimenpreparation.- ‘I!hecopperspecfiensweremadesmallto
permitthemtobe setinthediffractionadapteroftheRCAtype-B
electronmicroscope.Thefkt specimensweremachinedto3/32byl/8
by 3/16inchandtheconvexspecimenswerebullet-shaped,cutoutof
l/8-inchrod,andtippedwitha l/4-inchradius.Aftermachining,the
specimenswereannealedby heat= to 1200°F andwerequenchedand
simultaneouslydescaledby immersionin20-percentalcohol.

Thepropercleanhgofthecopperspecimenswasveryhportantfor
reproducibilityandto obtaininitialhighvaluesof V. DetaiIsof
thisprocedureandtheresultsobtainedaswellastheproceduresfor
steel-andglassspecimens

H
TheStSJldEUdsurface

paperfollowedby a short
r consistedof smoothhills

inchesrootmeansquare.

aregivenintheappendix.-

finishwascreatedbyabrasionwith2/0emery
electrolyticetch.Thefinalsurfacefinish
andvalleyswitha roughnessofabout5 micro-

—. ——z
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Oxidef~ wereformedoncopperby heatingclesaspecimensinair
underclifferenttime-temperaturecmbinations.FiJmsofCU20(!500-1000A
thickasdeterminedby interferencecolors)wereformedby heatingcopper
100minutesat150°C. FilmsofCUOwitha thichessgreaterthan15(XA
(several.ordersof interferencecolorsto gray-black)wereformedby
heatingcopper5 minutesat 390°to ~“ C. Thecompositionofthefilms
andthespechen cleanlinesswereconfirmedby electroncliffraction.

Compactsofoxidepowdersweremadeby pressingandsinteringchem-
icallypureCU20andCUOpowders.Detailsoftheprocessaregivenin
theappendix.

Experimentalprocedure.- Forti setsofspecimens,theprocedure
wasthesameandtherunwasrepeatedwithnewspecimensthreeormore
times. Thefreshlycleanedspecimensweremountedwithoutdelayinthe
specimenholdersoftheappsratusandtheloadapplied.Thecoverwasput
inplaceanddryairwasstartedflowingthroughtheenclosme.Whenthe
relativehumidityoftheescapingairhaddroppedto 10percent,therecip-
rocattigactionwasstarted.h thecaseofglassspecimens,microscopic
obsenationsduringfrettingwerecorrelatedwiththefrictiontracing.

Frettingrunsinthepresenceofhe.xadecaneweremadeby applying
tothecontactarea,witha glassrd, a dropofhexadecanetakenfresh
fromtheendofthepercolatingcolumn.Surfacetensionheldtheliquid
aroundthecontactarea.

Thenormalloadwasmeasuredattheendof eachfrettingrunby
pullingupwardontheflatspecimen,(bymeansofweights,pan,pulley,
andcordamwmibly)withjustenoughforceto separatethespechens.

Coeffici~t offriction(ratiooffrictionforcetomeasurednormal
load)wasplottedagainstthenumberoffrettingcyclesforeachrun.
Thelengthofmostrunswas300cycles,whichwasenoughforthefriction
coefficientv toreachanessentiallyconstantvalue.Forunidirec-
tionalsliding~eriments,theprocedurewasthessmeexceptthatthe
runwaslimitedto oneslidingpassofapproximately1/4inch.

Chemicalspottestswereusedforidentificationofsmallquantities
ofdebris.Detailsoftheprocedurearegivenintheappendix.Electron
diffractionwasusedto determinethech-cal.ccarpositionofsurfaces
beforetherunsandalsoto identifydebriswhenpossible.

Pre13mhuYexperimentsshowedthatthevaluesof p andthe
@ent of damageareinfluencedby severalfactors.Thecoefficientof
frictionforanygivenrunhops 0.05whentherelativehumidityis
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increasedfrombetween5
anditrecoverswhenthe
ranginginhardnessfrm

5

and10percenttobetween30and50Tercent,
drierairisreadmitted.Specimensofcopper
Rockwe13_F-40toI?-90werefrettedtogether.

Thefactthatthefrictioncurveswerealmostthesameoverth~whole
hardnessrangeindicatedthat,withinthoseLimits,hardnesshadlittle
effectonthevalueof V. Greatertotaldamagewas,however,observed
withthesoftercopperthanwiththehard. Increasingthesqplitudeor
loadalsoincreasedfrettingds3nage.

Thefollowingconditionswereselectedandheldconstantthroughout
allruns:humidity,5 to10percent;amplitude,0.006inch;frequency,
5 cyclesperminute;load,approximately175grsms;copperhardness,
RockwellF-40;andsurfaceftiish,abradedon 2/0emerypaperandetched.

Frettingofcopperagainstglass. - Frettingexperimentswerecon-
ductedwithcopperagainstglassunderthestandam3conditions.Corre-
lationofthemicroscopicallyobservedactionandthecoefficientof
frictionfora typicalrunisgiveninthefollowingtable:

!hmiber Actionobserved Coefficient
of offriction,

?ycles P

0-1/2Shearingoffofcopperpeakstoproduceplateausand 1.2
loosecopperparticles.Somematerialadheresto
andistransferredtoglassinformofstreaks.

1/2-1 Rapidincteaseinsizeofplateaus.Moreloose 1.3
copperparticlesandstreaksonglass.

2-6 Furtherincreaseinsizeofplateaus.Mme loose 1.6
copperparticlesandbroadstreaksonglass.

6-10 Trausferofmterialto glassasdiscontinuousfilm 1..2-1.0
whichappearsgreenishby incidentXUm.ination.

10-20 IncresseinsmountoffiJmonglasstocovercontact 1.0-0.8
sxea.Distinctplowingof copperspecimenby con-
centrationsofmaterialadheringto gla8s.

20-50Plowingactionpredominates,withoccasionalchanges 0.8-0.6
ingeometryasresultofwipingoffofpartsof
film.

50-100Plowingactionsubsidesandc~er specimencontact 0.6
areabecomesencrustedwithoxide.

100-300Constantcoefficientoffrictionstate,inwhich 0.6-0.5
slidingoccursbetweenmaterialadher~ to glass
andoxidecrustonc er.

T
Oxidedebrispushed

outofcontactarea. IdentifiedlaterasCuO.)
Wearspotslowlyincreasesindiameter.

.—— ———. — -———
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Thefrictioncurveobtainedby averagingthecurvesfromindividual
runsisgiveninfigure2. Thecoefficientoffrictionp wasinitially
1.2,increasedto1.6,andthendecreasedto a valuenear0.6. The
physicalactionwasthessmeasthatobservedatfrequenciesof120
cyclespersecondforglassagainststeel(ref.1),wherestainappeared
ontheglassandferricoxidewasstisequentl.yformedandextrudedfrom
thecontactsrea.Theresultsreportedhereinconfirmtheconclusion
ofreference1 thatfrettingstartswiththefirsthalfcycleof
vibration.

Frettingofcopperagainstcopper.- Copperwasfrettedagdnst
copperinrunslasting1]2,5,50,and100cyclesasweld.astheusual
3~ cycles,usingnewspecimensforeachrun. Thedsmagetothecontact
areawasobse~edsftereachrunandcorrelatedwith p values.These
resultsarepresentedinthefollowingtable:

Nunberof - Observations Coefficient
cycles of

friction,p

1/2 SlidingtracksformedbyProtruding“welded” 1.2
fraguentsonbothspecimens.Someloose
Cupsrticleswerepresent.

5 Slidingtracksbecamedistinctfurrows. 1.3
50 Furrowsincreasedinnumberandbreadth. 0.8-0.9

BottomsoffurrowsappesrsmoothandCu
colored.Plowedoutdebriscollectsat
endsoffurrows.

100 FurrowsmergeintoonelargeshallowelJ_ip- 0.55-0.6
ticalconcavity.Forfirsttime,debris
containsvisibleamountsofdarkoxide.

300 ‘ Proportionofoxideindebrishasincreased,0.55-0.6
andcanbe identifiedasCuO.

Thefrictioncurveforcopperagainstcopperispresentedinfig-
ure3,whereaIlthedataobta–hedforU similarfrettingrunsare-
plotted.Thedatapointscanbe envelopedas shownbydottedlines,and
theverticaldistancerepresentsthespreadin v valuesobtained.The
averagefrictioncurveofcopperagainstc~er isrepresentedby the
solidltiedrawnwithintheenvelope.Eachofthe12runs,whenplotted
separately,showeda shapesimilsrtothisaveragecurve.

Theinitialv valuesobtained(fig.3)wereapproximatelythe
ssmeasthoseobtainedduringunidirectionalslidingofcopperagainst
copperunderthessmeconditions(seetableI)andformetsd.ssliding
oversindlsxmetsd.s(ref.3,pp.80-81).Thissimilarityindicates
thatthecontactbetweenspecimenswasessentisX1.ymetal--to-metal

EmN

0

.

—
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duringthefirstfewcyclesoffretting,andthatthefirstdamagewas
a resultofadhesionandmetaltransfer.No doubtsomeoxidewas
presentas rupturedfihw. Therisein p duringthefirstfivecycles
wasapparentlycausedby an increaseintheamountofmetal-to-metal
contact,as adsorbedgasesandthinoxidefilms(C~O,<100A thick
(ref.3,p. 149)unavoitiblyfomed atroomtemperature)areruptured
andscrubbedoff.

Aftertheinitialhighvaluesof p,a reductionh v from1.3
to approximately0.55wasobserved,associatedwithplowingandan
ticreasingconcentrateionofdebrisinandaroundthecontactarea.

A photomicrogaphofa 15to 1 tapersectionofthedsmagedsxea
oncopperafterfrettingagainstcopperfor3~ cyclesisshowninfig-
ure4. Thepresenceof inibeddedoxidesandtheseveredeformationof
bulkmetalbelowthesurfaceareevident.Thedamageshownisverysim-
ilarto thatpresentedinreference4,whichwasproducedby repeated
nonreciprocatingslidingpassesoverthesametrack.Thisindicates
that,forcopper,similardamageresultsfromfrettingandfromsliding.

Frettingrunswithc~er againstcopperinthepresenceofhexa-
decaneweremadetomeasurep anddeterminedamagewithreduced
Wgen availability.Thefrictioncurveissimilartothatofcopper
againstcopperinairexceptthatthepeakandconstantp valuesare
higher(fig.5). Forcopperagainstcopperinhexsdecanetheinitialy
is1.2,thepeak v isabove1.6,andtheconstantv isapproximately
0.7. Thecontactareawasdamagedby excessivegallinn.Thetransferred
andweldedcopperparticleswerelargerandmoreextensive,andthepits
weredeeper,thanforcopperagainstcopperinair. No loosecoweror
oxideparticleswereobservedmicroscopically.Forhexadecane,thefinal
constutvalueof p wasapproximately0.15higherthanforairand
occurredapproxhna.tel.y50cycleslater.

Fretttigof copperoxidecompactsagaimstcopperaide compacts.-
FrettingrunsweremadewithCUOcompactsagainstCUOcompactsandC~O
compactsagainstCu20compactsto determinethefrictioncurveandthe
typeofdsmagewithoutanypossiblemetal-to-metal.contact.Thefriction
curvesareshowninfigure6,withthatofcopperagainstcopperforccan-
parison.Thevalueof p forCUOccmrpactsagainstCUOcompactsstarted
at0.75andreducedto 0.6. Simpleabradedspotswereformedonthe
spectins,andthedebriswasidentifiedasCUO. Thevalueof p for
C~O compactsagainstCU20cmpactsstartedat0.6andreducedto a con-
stantvs+ueof0.5. Againsimpleabradedspotswereformedonthespe-
cimens,buttheywerepartlyencrustedwithanunidentifiedyellow-green
stain.Theloosedebris(CU20)waaalsoyellow-green.Figure6 shows
that constantvaluesof p forbothoxidecmpactsaresimilartothe
constantvalueof p forcopperagainstcopper.Theseresultssuggest

.—— —— .. .—.—— --_—
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thattheconstantv valueofcopper
reciprocatingslidingofcopperoxide

against copperis
on copperoxide.

debrisresultingfromfrettingof copperagaimstcopper

NACATN3011

.
a resultofthe
Theoxideinthe
wasidentified

by spottestsandelectron~fractionasCUO. Althoughtheconstant
p forcopperagainstcopperappeamto lieclosertothatofCu20than
thatofCUO,thedifferencesmongallthreecurvesiswithinthespread
no- obtainedinfrictionstudies.

Frettingof co=eroxidefilms oncopperagainstcopperoxide
ftlms(oncopper~.- FrettingrunswereconductedwithCU20film(on
copper)againstC~O film(oncopper)andCuOfilm(oncopper)against
CUOfilm(oncopper)todeterminetheinfluenceofrelativelythick
oxidefilmsonthecoefficientoffrictionandnatureofdamageduring
thestartoffretting.Thefrictioncurvesme showninfigure7. Both
curvesshowthesametrendas-thecurveof comeragainstc~er, which
isincludedforcomparison.ThepresenceoftheCU20filmresultsina
lowerinitialvalueof p (1.0)thanisthecasewithcopperagainst
copper(1.2),andthepeakisloweredfrom1.3to1.1. Theresultsshow,
however,no essential.differenceintheconstantvaluesof v forcopper
againstcopperwhethera 500to 1000A filmora 50to100A film(present
oncopperagainstcomer,fig.3)ofCU20ispresentinitially.

ThepresenceofCUOfilmcausesa greaterinitialloweringof p
(to0.8froml.2forcupper),andthepeskisloweredtoO.88.Again
theconstantvaluesof p areapproximatelythesameasthoseof copper
againstcopper.

TheresultsinticatethatCU20andWo fm oncopper(whichflows
pla.sticalJyatlightloads)reducethevalueof p initiallyandare
obse~edto quicklyru@ure. Thefilmsdonotreducethedamagetothe
contactareaandafter100cycleshavelittleinfluenceontheprogress
>ffretttig.

Frettingofcopperagainststeel.- Frettingrunsweremadewith
copperagainststeeltodeterminewhethermetaltransferoccursdurtig
frettingofdissimilarmetalsas itdoesduringpureslidihg.Thefric-
tioncurveisshowninfigure8. Theinitialvalueof p, 0.8,reduces
to anessentiallyconstantp ofawroxktel-y0.5. me comt=t V
valueisneartheconstantvalueof copperagainstcopper.Adhesion
andtransferof coppertothesteeloccurred-diately, causinga
gougeinthecopperanda copper-coloredbuilt-upareaonthesteel.
Frettingdebrischaracteristicofcopperagainstcopperwaspresent.
Thise.rperhnentindicatesthat,inthestartoffrettingof copper
againststeel,as forthecaseofcopperagainstglass,transferofcop-
peroccurssmdtheensuingactionmaybe essentiaJJythatofcopper
againstcopper.A shilarresulthasbeenobtainedinunidirectionsJ-
slidinaofrd.atinumonsflver(ref.3,pp.80-81),where“transferof
silver
becsme

occurredafter
characteristic

a shortdistanceof sliding,andthefriction
ofsflveron silver.

,

—
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DISCUSSION

INco
g

Theresultsindicatethatduringthefirstfewcyclesof fretting
ofcopperagainstcopper(withthinorthickoxidefihn),copperagainst
glass,or copperagainststeel,adhesionandmetaltransferoccurredas
itdoesinunidirectionalsliding.Theaccompanyingcoefficientsof
frictionwerehigh,betigappr=imatel.yequal.tovaluesobtainedin
unidirectionalslidbg. Afterapproximately100cyclesoffretting,
oxidedebrisappearedinandaroundthecontactsmeaandthecoefficient
offrictionhadreducedto a constantvalueapproximatelythesameas
thevalueobtatiedinslidtigcompactsof
ofcopperoxide.

TableI compsresv valuesobtained
obtainedforunidirectionalslidtigunder
obtainedby otherinvestigators.

cOpp–moxidea-&instcompacts

duringfrettingwithvalues
thesameconditionsmd values

Thereductioninthevalueof I.Lbetweentheinitialandconstant

g
valuesobservedduringthefrettingofcopperagainstglass,copper,and
steelcouldbe causedby: (1)an ticreaseintheconcentrationoflower-
shear-strengthcopperoxidesinandontherubbingsurfaces;(2)the
presenceofloosegranularparticlesinthecontactaxea,as evidenced

,.
.

~y thedecreasei.l-
and(3)a decrease

v obt&ed duringthefrettingof
inplowing.

theoxidecompacts;

SUMMARY@ RESUUTSANDCONCLUSIONS

@erimentswereconductedto determinethecoefficientoffriction
anddamageduringinitial.stagesoffrettingofc~er. Thefollowhg
resultsleadtotheconclusionthatfrettingofcopperstartswiththe
samemechanicaldamagethatoccursduxingunidirectionalsliding:

Thefrettingofglass,copper,or steelagainstcopperstsrtswith
tiesionandmetal.transfer{ ailing)associatedwitha highcoefficient

7ofkineticfrictionp (>1.0 anddsmageapproxinwtel.ythesameasthat
obtainedduringunidirectionalslidingbetweensimilarmetals.After
theinitialhighvaluesof V,a reductionin v wasobsened,associated
withreducedplow@gandincreastigconcentrationofdebrisinandaround
thecontactarea.Afterapproximately100cyclesoffretting,thecoef-
ficientoffrictionreacheda constantvalue(0.5-0.6)apprmimatelythe
saneasthatobtainedwitheithercuprousor cupricoxidecompacts.

Thepresenceofpreformedcuprousor cupricaxidefilmson copper
didnotpreventtheoccurrenceoffretfingbutonlyloweredtheinitial
coefficientoffriction.

LewisFlightPropulsionLaboratory
NationalAdvisoryComnitteeforAeronautics

Cleveknd,Ohio,July14,1953

. —
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fwPENmx - SPECIALTECHNIQUES .

Cleaningof copperspecimens.-A preliminaryinvestigationwascon-
ductedontheeffectofvariouscleantigmethodsonthevaluesof u of
copperagainstcopperduringthefirstfewfrettingcycles.Theresults
arepresentedintableII,alongwiththeinfommtionobtainedfrom
reflectionelectron-diffractionpatterns.Surfacecleanlinesswasa
prerequisiteforhighinitial~ values,aswellasforreproducibility
b p. Themosteffectivecleaningprocedure(givenatbottanoftableII) ~
wasasfollows:

(1)Lightlyabradeinairon 2/0emerypaper.

(2)Scrubverythoroughlywithcleancottonor
underredistilledbenzeneto removeadheringemery.

finewirebrushl

(3)Washspechenwithstrongstreamofredistilledbenzeneand
“ drythoroughQ.

(4)Etchelectrolyticallyh solutioncomposedof5 milliliters
glacialaceticacid,10millilitersnitricacid,and30milLiliters
waterwithcurrentfroma 3-voltdrybatterygivinga currentdensity
of0.5amperespersquareinch.T!heetchingtime~ dependuponthe
sizeofthespecimensand,intheseexperiments,wasabout2 secondsor
until.greenishstresmersdroppedawayfromthespecimen.

(5)Removespecimenandveryquicklywashinwater.

(6)Dryinvacuumorby romntemperatureairfroma blower.When
clean~,thecopperappearedpinkandoxide-free,butby thetimethe
specimenwasmountedinthea~aratus,andlowhumidityachieved,a
fu ofCU2050to 100A thickhadformed.Me presenceofthisf~
whichformedinairatroomtemperaturewasdiscussedintheanalysis
oftheexperimentalresults.

Theeasewithwhichemerybecameimbeddedh thecopperduring
abrasionwasnoted.Muchtimeandcarewasusedinremovalofthe

zmN

.

emery.

Cleaningof steelspecimens.-
steelspecimenswasasfollows:

(1)Abradeon2/0emerypaper.

Theprocedureforcleaningthe

,
1A smallbrushmadeof0.@2 in.platinum-tiidiumwireina stainless-
steelhandlewasfoundveryusefulbecauseitcouldbe heatedto
rednessrepeatetilyto removetracesofgease.
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(2)Enmerse10minutesina 20-percentsolutionofhydrochloric
acidinanhydrousmethylalcohol.

(3)While
darkfti.

(4)Rinse

(5)Rinse

imnersed,scrubthoroughlywithftiewirebrushto remove

andscmibh freshanhydrousmethylalcohol.

inanhydrousmethylalcohol.

(6)Drywithblower.

Certainprecautionswerenecessaryduringcleaning.Thebenzene,
alcohol,andwaterusedwerefreshlyrealistiJled.Allvesselsusedwere
ofpyrexandwerecleamedinfreshsuMuricacid- sodiumbichromate
cleaningsolution,followedby washinginrealistiUed wateraidoven
@@. AU specimenandvesselhandlingtoolswerecleanedby heating
toredness.Theworkingareawasmaintained~ease-free.Theapplica-
tionofheat(suchas fromhottongs)wasavoidedtopreventunwanted
oxliiation.

Theseproceduresgavegreaterfreedmfran~ease,as revealedby
theveryhighinitialp,andfrom=cessiveoxides,as shownby
electron-cliffractionexamination.

ccmrpactingof copperoxidepowders.- TheG.@ specimenswereshaped
outofa compactmadeby pressingdrypowderat 60,000poundspersquare
inchandsinteringinvacuumat1600°F for7 houxs.TheCuOspectiens
wereshapedoutofa compactmadeby pressingat 20)000poundspersquare
inchandsinteringat17750F for6 hours.Thecompactswerecooledin
thefurnacesto 700°F tominimizecracking.X-rayandelectrondiffrac-
tionrevesl.edthattheprocessdidnotchangethecompositionofthe
material.Thespec3mensweremountedh analloythatmeltsat200°F,
cleanedby lightabrasionwith2/Oemerypaperfollowedby a thorough
washinredisti3J.edalcohol,anddried.

Chemicalspottests.- Thespottestswereconductedonwhiteand
onblackporcelainspotplates,iEbminatedby a coollight,andsome-
timesobservedwitha low-powerstereomicroscope.Incaseofdebris
ontheglassspecimens,examinationwasmadeontheglass.Theinsolu-
bilityofa particleind5J.utehydrochloricacidindicatedthepresence
of copper.Iftheparticledissolvedin5-percenthydrochloricacidand
additionof a crystal.ofpotassiumiodideformeda yellowsolution,
cupricionorCUOwasindicated.Thiswasconfirmedby additionofa
dropofstarchsolution,whichwasimmediatelycoloredpurple.Blanks
ofdistiJ.ledwaterwerealwaysrun,becauseinthecaseof additionof
potassiumiodide,someoftheiodidewillbe oxidizedto iodineandwill
thusfomna yellowsolutionsimplyonstanding3nair. However,the
rateofformationwasmuchslowerthanwhenCuOwaspresent.

.— —
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Ifthe~rticledissolvedfi5-percenthydrochloricacidandaddi-
tionofa crystalofpotassiumthiocyanateformeda whiteprecipitate,
thepresenceofcuprousionor~0 wasindicated.
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TABLEI. - COMPARISONOF COEFFICIEIWCS@ FRICTIONp OBTMNED DURING g

Material
Ccmibinat101

Cuva, Cu

CUV6. *E

~ w. steel

~o fm w
Cl+ofilm

2U.20filmVa
c~o film
(ruptured)

ho filmV6.
Cuo film

ho filmVa.
Cuo fihl
(ruptured)

;~o Cmpact

“ c70cmpac

hlocompact
Va. Cuo
coMpact

FFELTINGMID DURINGSILUY!XG T;

Fretting
Approximatee

:nitid

1.2

1.2

0.8

---

1.0

---

0.8

0.6

Peak

13

1.6

TopeaJ

---

1.2

---

0.9

[0peak

I

L0.7 NO peak

Onstant
(rw@)

0.55

0.6 .

0.5

---

0.5

:-_

o.5-
0.6

0.5

0.6

Unidireci
Undercondikions
ahilar to
frett&g

1.4-1.7

-------

-------

-------

0.8-1.2

0.5-0.7

0.8-0.9

0.64.7

0.7

‘- ‘Measurementsby otherinvestigators

1.0 h- 1.5 Bouden ref. 3 p. 80)
1.2 - 1.3 WU-aon ref. 5
1.8 Whitehead(ref.6, p. 114)

--------- - - -- ---- ---- - --------------

0.9 Bowden (ref.3, p. 79)

0.4 - 0.5 Whitehead(ref.6, p. 114)
Unrupturedat lightload

1.2 - 1.3 Whitehead(ref.6, p. IJ.4)
Rupturedat heavierloada

------- ---------------- -------- -----

----- ----- -- -- ----------------------

------------------ ------------------

------------------------ ---- --- -----
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TABLEII. - SURFACECWOSIITI~ MD COEFFICEZNllOF FRICTIONRE3ULTINQ

I?RCMVARIOUScIEANmHWEWRE9 FOR COPPER

Procedure Compo,91tion Inlt181
of surface coefficient

(byel.ectrondiffraction)of friction

Abradedon 2/0 emerypaper in air CU and C~O 0.40

Abradedon 2/0 emerypaperunderbenxene Cu @ trace~0 ,’LL

Abradedon 2/0 emerypaperand mhed in alcohol Cu and traceC~O .55

Abrad~ on 2/0 emerypaperunderbenzeneand washed Cu and traceCU20 .65
in alcohol

&rubbed illpast-eOf d- a?ldtiCOhOl,and wash~ Un?mownmd alumlna .99
in alcohol

Abradedon 2/0 - paperunderbenzene,scrubbed Cu and traceoxidemd 1.01
ill~StO Of ~umiTE and -COhOl, @ washedh alumina
alcohol

Abradedon 2/0 emerypaperunderbenzene,scrubbed Udmoun and trace 1.03
in pasteof aluminaend water,and washedin alumina
uater

Abradedon 2/0 em~ paper in air,washedti benzene, Cu plus very slight l.al
dricsi,electrQMcaHy ebchedj washedin water, trace~0
and dried

6Z6Z
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